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Inner nuclear membrane protein
Eye development
Xenopus laevishanisms of neural development in vertebrates, we analyzed a novel gene, termed
nemp1 (nuclear envelope integral membrane protein 1), which is expressed in the Xenopus anterior
neuroectoderm at the neurula stage. Nemp1 has a putative signal peptide and ﬁve transmembrane domains,
but does not have any other known domains. We show that Nemp1 is localized to the inner nuclear
membrane (INM) with its evolutionarily conserved C-terminal region facing the nucleoplasm. Both
overexpression and knockdown of Nemp1 in Xenopus embryos reduced the expression of early eye marker
genes, rax, tbx3, and pax6, and later resulted mainly in severe eye defects at the tailbud stage. In contrast, the
expression of a forebrain/midbrain marker, otx2, and a pan-neural marker, sox2, was largely unaffected.
Deletion analysis of Nemp1 showed that nuclear envelope-localization of the C-terminal region is necessary
for its eye-reducing activity. Furthermore, nemp1 is coexpressed with baf (barrier-to-autointegration factor)
in the eye anlagen, and that Nemp1 interacts with BAF through the BAF-binding site in the C-terminal region
and this site is required for Nemp1 activity. These data suggest that Nemp1 is involved in the expression of
eye marker genes by functioning at the INM at least partly through BAF.
© 2009 Elsevier Inc. All rights reserved.IntroductionDuring early Xenopus development, the neuroectoderm is induced
from the dorsal ectoderm of the gastrula embryo by signals from the
Spemann organizer (De Robertis et al., 2000; Niehrs, 2004). The
neuroectodermthenacquires regional speciﬁcityalong thedorsal–ventral
(DV) and anterior–posterior (AP) axes. The early neural patterning is
visualized by the expression of variousmarker genes for the presumptive
midbrain–hindbrain boundary region (Shinga et al., 2001; Takada et al.,
2005), the neural crest (Steventon et al., 2005), and the eyeﬁeld (Bailey et
al., 2004; Esteve and Bovolenta, 2006; Lupo et al., 2000), among other
regions. To clarify the molecular mechanisms of early neural patterning
and brain development in vertebrates, we previously performed a
systematic expression pattern screening with a Xenopus anterior
neuroectoderm (ANE) cDNA library and obtained new candidate genes
for developmental regulators (Takahashi et al., 2005). This paper reports
that one of those clones encodes a novel protein localized to the inner
nuclear membrane and is involved in early eye development.
The nuclear envelope (NE) consists of the outer (ONM) and inner
(INM) nuclear membranes, nuclear pore complexes (NPCs), and nuclear
lamina. The INM contains a distinctive set of integral membrane proteins,
such as LAP2,MAN1, and Emerin, which interactwith the nuclear lamina,
a meshwork of intermediate ﬁlament proteins that underlies the INM
(Burke and Stewart, 2002). These proteins play an essential role ina).
l rights reserved.maintaining the structural integrity of the NE (Gruenbaum et al., 2005;
Hutchison, 2002). LAP2, MAN1, and Emerin interact with barrier-to-
autointegration factor (BAF) (Furukawa, 1999; Lee et al., 2001; Manshar-
amani andWilson, 2005; Shumaker et al., 2001), which binds to DNA as a
homodimer to formabridge between these INMproteins andDNA, and is
thought to be involved in chromatin decondensation and nuclear
assembly (Cai et al., 1998; Margalit et al., 2007; Segura-Totten et al.,
2002).We have previously shown that a nuclear envelope protein,MAN1,
acts as a Smad-interacting protein to antagonize BMP signaling during
early Xenopus development (Osada et al., 2003) and to antagonize TGF-β
signaling to regulate vascular remodeling in mice (Ishimura et al., 2006).
Recently, Emerinhas been shown to attenuateWnt signaling byexporting
β-catenin from the nucleus (Markiewicz et al., 2006). Thus, knowledge of
the developmental roles of INM proteins is being accumulated, but
identiﬁcation and functional analysis of a novel INMprotein are necessary
for further understanding of their developmental roles.
Studies of vertebrate eye development have shown that the
presumptive eye territories originate from a single bilaterally
expanded ﬁeld positioned within the ANE demarcated by otx2
expression (Eagleson et al., 1995; Inoue et al., 2000; Li et al., 1997;
Varga et al., 1999). To date, several transcription factors have been
suggested as being involved in eye development. Those transcription
factors include rax (representing alloalleles Rx1 and Rx2A), pax6, and
six3 (Andreazzoli et al., 1999; Chow et al., 1999; Chuang and Raymond,
2001; Loosli et al., 1999; Mathers et al., 1997; Oliver et al., 1996). In
Xenopus, a gene cascade of transcription factors from otx2 and tbx3/
ET through rax to pax6, and a gene network containing pax6, six3,
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2003). Genetic analyses in the human andmouse have also shown the
importance of rax, pax6, six3, and lhx2 genes in eye development (Hill
et al., 1991; Lagutin et al., 2003;Mathers et al., 1997; Porter et al., 1997;
Tucker et al., 2001). Although eye development has thus been
extensively studied, the mechanisms of gene regulation of these
transcription factors have not been fully investigated.
We report here a novel INM protein, Nemp1 (for nuclear envelope
integral membrane protein 1), which is expressed in the ANE and is
involved mainly in eye development from the late gastrula to the
neurula stage. Our functional and biochemical data suggest the
involvement of Nemp1 protein in gene regulation for eye develop-
ment through binding to BAF, shedding light on both the molecular
mechanisms of early eye development and the role of an INM protein
in gene regulation.
Materials and methods
cDNA cloning, sequence analysis, and constructs
cDNA library construction and screening were previously
described (Osada et al., 2003; Takahashi et al., 2005). A full-length
cDNA clone, pBluescript II-SK(–)nemp1a [SK(–)nemp1a; DDBJ acces-
sion no. AB474919] was isolated from an ANE library (Takahashi et al.,
2005). An alloallele gene, nemp1b (clone XL436g07ex; DDBJ accession
no. AB474920), and baf alloallele genes, baf-a (clone XL456h02ex) and
baf-b (clone XL455o03ex), were identiﬁed in a Xenopus EST database
of NBRP (http://www.nbrp.jp/index.jsp), and were isolated from an
ANE expression cDNA library (Osada et al., 2003). Computational
sequence analyses were done using SignalP (http://www.cbs.dtu.dk/
services/SignalP/) (Bendtsen et al., 2004), SMART (http://smart.embl-
heidelberg.de/), TMHMM (http://www.cbs.dtu.dk/services/TMHMM/)
(Krogh et al., 2001), Pfam (http://www.sanger.ac.uk/Software/Pfam/),
and the NCBI conserved domain database (http://www.ncbi.nlm.nih.
gov/Structure/cdd/cdd.shtml). Plasmid constructs were made with
pCS107, pCS2+Myc, and pCS2+mcs4HAmcs as vectors at the BamHI
site for full-length Nemp1 [amino acid numbers (aa) 1–434], ΔN
(lacking aa 37–175), ΔA (lacking aa 176–287), ΔBt (aa 1–325), ΔSP (aa
35–434), ΔKR (lacking aa 317–325), ΔBBS (lacking aa 368–375), SPNA
(aa 1–287), SP+TMs (aa 1–34 plus 149–317), ΔTMs (lacking aa 149–
317), SP+A (aa 1–36 plus 176–287), SP+Bt (aa 1–35 plus 326–434), Ct
(aa 318–434), KR (aa 317–325), and Bt (aa 326–434). All Nemp1
constructs were C-terminally tagged with ﬁve-repeat Myc or four-
repeat HA, designated as Nemp1-Myc or Nemp1-HA, respectively, and
so on, using pCS2+MT or pCS2+mcs4HAmcs as a vector. N- and C-
terminally HA-tagged human Emerin (HAn-Emerin and Emerin-HAc,
respectively) and internally HA-tagged Xenopus MAN1 (MAN1-HAi),
in which four-repeat HA was inserted after aa 421 between the two
transmembrane domains, were made with pCS2+ MT-Emerin and
pCS2+MT-MAN1 as PCR templates (Osada et al., 2003) and pCS2
+mcs4HAmcs as a vector. N-terminally two-repeat FLAG-tagged BAF
was made with baf-b and pCS2+2FTn2.
Xenopus embryo manipulation and mRNA microinjection
Xenopus embryos were obtained by artiﬁcial fertilization, dejellied,
and incubated in 0.1× Steinberg's solution (Peng, 1991). Embryos were
staged according to the normal table of Nieuwkoop and Faber
(Nieuwkoop and Faber, 1967). Microinjection of synthetic mRNA was
done with a ﬁne glass capillary and the pneumatic pressure injector
IM300 (Narishige) in 3% Ficoll in 1× Modiﬁed Bath's solution (MBS)
(Peng, 1991). Injected embryos were kept in 3% Ficoll in 1× MBS for 2–
3 h, transferred into 0.1× Steinberg's solution containing 50 μg/ml
gentamicin sulfate, and incubated until embryos reached the appro-
priate stages. For mRNA synthesis, plasmids were linearized with AscI
or NotI and transcribedwith SP6 polymerase (MEGAscript, Ambion) asdescribed (Suga et al., 2006). mRNAs were injected into the dorsal
blastomere of four cell-stage embryos. Nuclear β-galactosidase (nβ-
gal) mRNA (60 pg/embryo) was coinjected for lineage tracing.
Whole-mount in situ hybridization and RT-PCR analysis
Whole-mount in situ hybridization (WISH) was performed
according to Harland (1991) using an automated system (AIH-201,
Aloka). Antisense nemp1a and baf-b RNA probes were transcribed
with T7 RNA polymerase from BamHI-linearized SK(−)nemp1 and a
baf-b PCR product, which was ampliﬁed from pCS105-baf-b with the
SP6 primer and a T7 promoter containing primer (5′-GTAATACGACT-
CACTATAGGGCGAGAGGCTC-3′). Other RNA probes were synthesized
according to plasmid providers. RT-PCR was performed as described
(Suga et al., 2006), with primer sets of nemp1a (forward, 5′-
GAGGAGGCTGTAGAGTTAGT-3′; reverse, 5′-GGACCACTTTACCTTCA-
TAG-3′; 29 cycles) and histone H4 (Niehrs et al., 1994) (25 cycles).
Immunoﬂuorescence microscopy
Preparation of COS7 cells transfected with pCS2 expression
constructs and confocal microscopic analysis with LSM Pascal (Zeiss)
were performed as described (Osada et al., 2003) using mouse anti-
Myc 9E10 (BIOMOL), mouse anti-FLAGM2 (Sigma), and rabbit anti-HA
Y-11 (Santa Cruz) antibodies as primary antibody and Alexa Fluor
488-, Alexa Fluor 555-, and Alexa 546-conjugated antibodies
(Molecular Probes) as secondary antibody. Nuclei were stained with
SytoxGreen (Molecular Probes). Digitonin extraction of ﬁxed cells was
done with 40 μg/ml digitonin (Wako) in PBS for 3 min on ice, and
digitonin-treated cells were blocked in 0.5% gelatin in PBS for 15 min
(Brachner et al., 2005) and in 10% lamb serum in PBS for 1 h at room
temperature. Fixed Xenopus embryos were permeabilized and blocked
with 0.1% Triton X-100, 0.2% BSA, 10% lamb serum in Tris-buffered
saline (pH. 7.5) at room temperature.
Knockdown experiments
Antisensemorpholino oligos, MOa andMOb, against exon 1–intron
1 boundary sequences of nemp1 alloalleles, nemp1a and nemp1b,
were obtained from Gene Tools, LLC (MOa, 5′-TTTAAATTACCTGAGGC-
CAATGTAC-3′; MOb, 5′-ACACTTTATGTTATATTACGTGTCC-3′). Five mis-
matched MO (5mmMO 5′-ACAgTTTATcTTAaATTACgTGTgC-3′; lower
cases are mismatched with MOb) was used as negative control. Prior
to designing MOa and MOb, RNA splice junctions for nemp1a and
nemp1b were identiﬁed by alignment of cDNA sequences with the
Xenopus/Silurana tropicalis genome sequence (http://genome.jgi-psf.
org/Xentr3/Xentr3.home.html). nemp1a and nemp1b genomic DNA
fragments were PCR-ampliﬁed with Xenopus laevis genomic DNA and
primers speciﬁc to exons 1 and 2 (5′-GAGGAGGCTGTAGAGTTAGT-3′
and 5′-CGGACCACTTTACCTTCATAG-3′ from the nemp1a gene, respec-
tively) and sequenced. MOa and MOb were dissolved in water and
injected into the dorsal blastomere of four cell-stage embryos.
Glutathione S-transferase (GST) pull-down assay and western blotting
The C-terminal region of Nemp1 (Bt; aa 325–434) and the Bt
lacking the BBS (BtΔBBS; aa 325–434 lacking aa 368–375) were
subcloned into the pGEX-6P-1 vector to produce the GST-Bt and GST-
BtΔBBS fusion proteins. Generation of GST fusion proteins was carried
out as described previously (Hiratani et al., 2003; Osada et al., 2003).
mRNA for FLAG-BAF was injected into the animal pole region of two-
cell stage embryos. Injected embryos were cultured until the gastrula
(stage 10.5), homogenized in 1× lysis buffer (20 mM Tris–HCl, pH 8.0,
1 mM EDTA, 10% glycerol, 8 mM DTT, 40 μg/ml leupeptin, 20 μg/ml
aprotinin, 1 mM PMSF) containing 0.1% NP-40. Ten μg of puriﬁed GST,
GST-MAN1-Ct, GST-Bt, or GST-BtΔBBS proteins bound to glutathione
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lysate of injected embryos for 1 h at 4 °C. Subsequently, the Sepharose
bead suspensions were washed with 1× lysis buffer. Bound proteins
were eluted by boiling in 2× SDS sample buffer, separated by SDS-
PAGE (12.5% gel), and analyzed bywestern blotting with anti-FLAGM2
antibody (Sigma) or by Coomassie brilliant blue (CBB) staining.
Western blotting was performed essentially as described (Shibata et
al., 2005).
Results
Identiﬁcation and INM localization of Nemp1
To obtain novel neural genes, we previously carried out systematic
screening of an ANE cDNA library, isolated 1706 expression sequence
tags (ESTs), and analyzed the expression patterns of 806 candidate
genes by whole mount in situ hybridization (WISH). As a result, we
selected 23 genes with unique expression patterns (Takahashi et al.,
2005). Similarity searches against EST databases of various organisms
and cDNA cloning suggested that seven of the 23 selected genes
encoded uncharacterized proteins. Therefore, we next examined the
subcellular localization of their Myc-tagged constructs using COS7
cells, and identiﬁed a novel NE-localized protein, which we refer to as
Nemp1.
Computational analyses of the Nemp1 amino acid sequence
predicted a signal peptide (SP; aa 1–34) and ﬁve transmembrane
domains (TMs; aa 148–170,175–197, 207–226, 239–261, and 276–298,
according to a Kyte–Doolittle hydropathy plot) (Figs. 1A, B), but no
known domains or motifs. However, we noticed potential nuclear
localization signals (NLSs; K-K/R-X-K/R) in a lysine–arginine-rich
sequence (RKIKRKRAK; aa 317–325), termed KR, which contains two
potential overlapping NLSs, KRKR and KRAK. In addition, we found a
sequence (SRIQSPKR; aa 368–375) similar to a consensus BAF binding
site (BBS; S-R/K-V-X-X-X-X-R/K) (see Fig. 7A) (Mansharamani and
Wilson, 2005). To examine the evolutionary conservation of Nemp1,
blastp and psi-blast searches were carried out, and these showed that
Nemp1 has high identities to human KIAA0286 (61.7%) and to other
uncharacterized predicted proteins from ﬁsh to Caenorhabditis
elegans, and has two evolutionarily conserved regions, named Region
A and Region B, which show more than 40% identity between human
and C. elegans (Fig. 1C). Because X. laevis is an allotetraploid species,
we obtained alloalleles, nemp1a and nemp1b. The amino acid
sequence identity between Nemp1a and Nemp1b is 88.0% in the
entire region, and 91.1% and 88.6% in Regions A and B, respectively.
The NE localization of Nemp1 is shown in Fig. 1D. COS7 cells were
transfected with expression constructs for Nemp1-Myc or the INM
protein MAN1-Myc, and analyzed using a confocal microscope after
staining the nucleus with SytoxGreen. Nemp1-Myc (red) was detected
around nuclear DNA (green), which is similar to that of MAN1-Myc,
suggesting that Nemp1 is an NE protein. We next examined whether
Nemp1 is localized to the INM or ONM, and whether or not the C-
terminus of Nemp1 is oriented to the nucleoplasm.
In order to distinguish protein localization in the INM from the
ONM, we utilized digitonin in comparisonwith Triton X-100. Triton X-
100 permeabilizes all membrane structures of the cell, whereas
digitonin is known to selectively permeabilize the plasma membrane
and leaves the NE intact. However, it has not been tested whether
digitonin differentially permeabilizes the ONM and the INM. To
examine this, we constructed a molecular probe, MAN1-HAi, which is
supposed to localize its HA tags in the lumen (see Fig. 1G). In addition,
we utilized Nemp1-Bt-Myc (Bt-Myc; the Nemp1 C-terminus contain-
ing aa 326–434), which was found to be ubiquitously distributed in
the cell (see Figs. 5A and 6M), to identify cotransfected cells and also to
assess the integrity of the NE (see Fig. 1G). COS7 cells were
cotransfected with MAN1-HAi and Bt-Myc, and permeabilized with
digitonin or Triton X-100 before immunostaining. As shown in Fig. 1E(rightmost panels), Triton X-100 treatment showed the ubiquitous
distribution of Bt-Myc in the cell and the NE localization of MAN1-HAi.
By contrast, in digitonin-treated cells, we observed differential
staining patterns of Bt-Myc and MAN1-HAi, which were categorized
into four types, 1A, 1B, 2A, and 2B, by combinations of cytoplasmic
(type 1) or ubiquitous (type 2) staining of Bt-Myc, and partial (type A)
or complete (type B) NE staining of MAN1-HAi (Fig. 1E). In digitonin
treatment, type 1 (that is, type 1A plus 1B) was the majority as
expected, because the NE is not supposed to be permeabilized by
digitonin (Fig. 1E; bar graph). In type 1 cells, we observed both types A
and B, and importantly type 1B increased as treatment time of
digitonin was prolonged (Fig. 1E; bar graph). This data indicates that
digitonin selectively and gradually permeabilizes the ONM compared
to the INM (see Fig. 1G; upper drawing). Even with this selectivity,
when digitonin treatment was extended to 25 min, almost all cells
showed type 2B, indicating that long treatment with digitonin can
permeabilize both the ONM and the INM. In addition, even in short
digitonin treatment, about one ﬁfth were observed to be type 2 cells,
maybe due to undesired breakage of the NE. Therefore, we adopted
3 min digitonin treatment and focused on type 1 cells in subsequent
experiments.
To further conﬁrm digitonin selectivity, we constructed C-
terminally and N-terminally tagged Emerin, named Emerin-HAc and
HAn-Emerin, respectively. Emerin has a single transmembrane
domain and orients its C terminus to the lumen and its N terminus
to the nucleoplasm (Bengtsson and Wilson, 2004) (see Fig. 1G). As
shown in Fig. 1F, type 1 cells showed NE staining of Emerin-HAc, but
not that of HAn-Emerin (panels a and c), whereas Trion X-100
treatment showed NE staining of both Emerin constructs and
ubiquitous staining of Bt-Myc (panels b and e). There is a possibility
that the N-terminal HA tags of HAn-Emerin might be masked with
some protein, which could be removed by treatment with Triton X-
100 but not with digitonin. However, this possibility is less likely
because digitonin-treated type 2 cells, whose nuclei appeared to be
perforated, showed NE staining of HAn-Emerin, indicating that its HA
tags are accessible to antibodies without Triton X-100 treatment
(panel d). These data suggest that digitonin can selectively permea-
bilize the ONM and leave the INM intact in order to speciﬁcally detect
an epitope in the lumen and not to detect it in the nucleoplasm by
immunostaining (Fig. 1G).
Using the condition described above, orientation of the C-terminus
of Nemp1 in the NE was examined by the two sets of experiments. In
the ﬁrst set of experiment, Nemp1-HA was coexpressed with Bt-Myc.
Digitonin treatment showed that, although some weak staining of
Nemp1-HA was detected in the cytoplasm, NE staining of Nemp1-HA
was not detected in type 1 cells (Fig. 1H; panel a). Coexpression of
Nemp1-HA and Bt-Myc was conﬁrmed using Triton X-100 treatment
(panel b). This data suggests that the C-terminus of Nemp1 faces the
nucleoplasm, but not the lumen (Fig. 1G). To further conﬁrm this, in
the second set of experiment, Nemp1-Myc was coexpressed with
Emerin-HAc or HAn-Emerin. When coexpressed with Emerin-HAc
(lumen), Nemp1-Myc was not detected at the NE in Emerin-HAc-
stained cells with digitonin treatment, whereas both were stained at
the NE with Triton X-100 (panels c and d). By contrast, when
coexpressed with HAn-Emerin (nucleoplasm), neither Nemp1-Myc
nor HAn-Emerin was stained at the NE with digitonin treatment,
whereas both were stained with Triton X-100 treatment (panels e and
f). Thus, these data suggest that the C-terminus of Nemp1 faces the
nucleoplasm as does the N-terminus of Emerin and therefore it is most
likely that Nemp1 is localized in the INM.
Developmental expression proﬁles of nemp1 and baf
Developmental expression of nemp1 in Xenopus embryos was
analyzed by RT-PCR, Northern blot, andWISH. RT-PCR detected nemp1
expression at all stages examined, including before and after the
Fig. 1. Structure and subcellular localization of Nemp1. (A) Amino acid sequence of Xenopus Nemp1. A putative SP (purple line), TMs (pink letters), KR (blue box), and a putative BAF
binding site (BBS) (yellow box), and evolutionary conserved Region A (red line) and Region B (green line) are indicated. The arrowhead indicates a putative cleavage site of the SP. (B)
Schematic structure and Kyte–Doolittle hydropathy plot of Nemp1. Color indications are the same as in A. (C) Comparison of Region A and Region B between various species. Percent
identities of amino acid sequences against the Xenopus Nemp1a sequence are shown. Accession numbers of amino acid sequences: human, O14524; mouse, Q6ZQE4; zebraﬁsh,
XM_683418; ascidian (Ciona intestinalis), AK116477; Drosophila, NP_573142; and C. elegans, NP_497202. (D) Confocal microscopic analysis of subcellular localization. Nemp1-Myc
and MAN1-Myc were analyzed by immunostaining (red). Nuclear DNAwas stained with SytoxGreen (green). (E, F) Differential permeabilization of the ONM and INMwith digitonin
as assayed by HA-tagged MAN1 (E) and Emerin (F). (E) MAN1-HAi. COS7 cells were cotransfected with expression constructs for Bt-Myc (green) and MAN1-HAi (red), and treated
with digitonin for 1 to 25 min or with Triton X-100 (Triton) as indicated. Staining patterns are classiﬁed as follows: type 1, cytoplasmic staining of Bt-Myc; type 2, ubiquitous staining
of Bt-Myc; type A, partial NE staining of MAN1-HAi (less than 90% of the NE); type B, NE staining of MAN1-HAi (equal to or more than 90% of the NE). A bar graph shows percentages
of combinatorial staining types in different colors as indicated below the pictures. A set of transfected cells was used to equalize transfection efﬁciency for all staining conditions.
Experiments were repeated three times, and the results were reproducible. n, total number of transfected cells. (F) Emerin-HAc and HAn-Emerin. COS7 cells were cotransfected with
expression constructs for Bt-Myc (green) and Emerin-HAc (red) or HAn-Emerin (red), and treated with digitonin for 3 min. (G) Schematic representation of nuclear membrane
permeabilization with digitonin and Triton X-100. Red circle; bind to anti-body; white circle, not bind to anti-body; dotted line, permeabilized membrane; solid line, not
permeabilized membrane. (H) INM localization of Nemp1-HA. COS7 cells were cotransfected with expression constructs for Bt-Myc (green) and Nemp1-HA (red) or Nemp1-Myc
(green) and HAn-Emerin (red) or Emerin-HAc (red), and treated with digitonin for 3 min. Dotted white circle, the position of NE (a). Note that weak cytoplasmic staining of Nemp1-
HA (a), Nemp1-Myc (c, e), and HAn-Emerin (e) was detected, indicating successful transfection of expression constructs. Scale bars: 5 μm.
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both maternally and zygotically (Fig. 2A). Northern blot analysis with
RNAs extracted from unfertilized eggs to stage 25 embryos indicated
that the nemp1 transcript is 2.1 kb long (data not shown).We examined spatial developmental expression patterns of nemp1
in comparison with those of baf using WISH (Figs. 2B–D). At the early
gastrula stage, nemp1 was expressed mainly in the entire animal
hemisphere (Fig. 2Ba,b). During neurulation, its expression became
Fig. 2. Spatiotemporal expression of nemp1 and baf. (A) RT-PCR analysis of nemp1a
expression. Developmental stages are as indicated. histone H4, loading control. (B,C)
WISH analysis for nemp1 (B) and baf (C). (Ba) Lateral view; (Bb) a hemisection of (Ba);
(Bc,e and Ca,c) anterior view with the dorsal side up; (Bd,f and Cb,d) dorsal view with
the anterior side up; (Bg and Ce) lateral view with the dorsal side up. opv, optic vesicle;
otv, otic vesicle; ba, branchial arches. (D) Section examination of the head region.
Stained tailbud embryos (stage 28) were sectioned at the position of eyes. Nuclei were
stained with DAPI. Arrowhead, diencephalon; arrow, optic vesicle.
Fig. 3. Overexpression of Nemp1 causes eye defects and reduces expression of eye
marker genes at the neurula stage. Embryos were injected with mRNA for Nemp1 or
globin as indicated, together with nβ-gal mRNA. (A) Eye-defect phenotypes at the
tailbud stage (stages 40–41). Fractions indicate the proportion of the presented
phenotype per total number of informative injected embryos. (B) WISH analysis at the
neurula stage (stages 13–14). Examined genes are as indicated. Numbers in red,
downregulation; numbers in black, normal expression. ant, anterior view (dorsal is
upwards); dor, dorsal view (anterior is upwards); arrowhead, injected side. Amounts of
injected mRNAs (pg/embryo): nemp1a, 400; globin, 400.
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was expressed in various anterior regions including the anterior
central nervous system (CNS), otic vesicles, and branchial arches (Fig.
2Bg). These expression patterns of nemp1were very similar to those of
baf (Fig. 2C). Section examination showed that nemp1 and baf are
coexpressed in the diencephalon and optic vesicles (Fig. 2D). These
data open the possibility that Nemp1 functionally relates to BAF as
examined below.
Both overexpression and knockdown of Nemp1 lead to eye defects
To examine the function of Nemp1 during Xenopus development,
nemp1 mRNA was injected into the right dorsal blastomere at the
four-cell stage to overexpress it in the ANE region. We found that
overexpression of wild-type (WT) Nemp1 mainly caused eye defects,
which were categorized into three types: no eye, trace eye, and small
eye (Fig. 3A). In contrast, when Nemp1 was overexpressed in the
ventral marginal zone, no phenotype was detected (data not shown),
suggesting no cytotoxic effects of Nemp1. Because eye-reducing
activities of Nemp1a and Nemp1b were basically indistinguishable
(see Fig. 5B), we used mainly Nemp1a in subsequent experiments,
unless otherwise mentioned.
To seek the primary cause of eye defects by Nemp1, we next
examined the expression of early genes for eye development, rax
(Mathers et al., 1997), tbx3 (He et al., 1999; Li et al., 1997; Takabatakeet al., 2000), and pax6 (Hirsch and Harris, 1997), in Nemp1-
overexpressing embryos by WISH. Fig. 3B shows that Nemp1
overexpression reduces the expression of rax, tbx3, and pax6 at the
neurula stage in more than 80% of injected embryos. However, the
expression of neural markers, otx2 (forebrain/midbrain) (Pannese et
al., 1995), sox2 (pan-neural) (Mizuseki et al., 1998), and nrp1 (pan-
neural) (Knecht et al., 1995), was largely unchanged (Fig. 3B), which
was similar to a negative control for which globinmRNAwas injected.
Because the early eye genes examined above are reportedly down-
stream of otx2 in the gene cascade (Danno et al., 2008; Zuber et al.,
1999), our data suggest that overexpression of Nemp1 speciﬁcally
inhibits the gene cascade of eye development downstream of otx2 and
upstream of rax, tbx3, and pax6, leading to eye defects at the tailbud
stage.
To analyze the necessity of nemp1 in early embryogenesis, we
knocked down Nemp1 activity by injecting a mixture (designated as
MOab) of two antisense morpholino oligos, nemp1a-MO and nemp1b-
MO, which are complementary to the sequence encompassing the
exon 1–intron 1 boundary of nemp1a and nemp1b, respectively (Fig.
4A). As a control, we injected a ﬁve-base-mismatched morpholino
oligo (5mmMO). We ﬁrst conﬁrmed the effectiveness of MOab by RT-
PCR to detect unspliced RNAs containing the targeted exon 1–intron 1
splice junction. As shown in Fig. 4A, a 0.1 kb PCR band from spliced
transcripts decreased in a dose-dependent manner, and in turn, a
2.1 kb band from unspliced transcripts increased in MOab-injected
embryos. In contrast, these changes were not detected in 5mmMO
injected embryos, suggesting that MOab speciﬁcally inhibit Nemp1
activity through blocking proper splicing of nemp1 pre-mRNA.
To examine the effects of MOab on early Xenopus embryogenesis,
MOab was injected into the right side of embryos and compared with
Fig. 4. Knockdown of Nemp1 by MOab disrupts eye development. (A) MOab inhibits
splicing of nemp1 pre-mRNA. (Upper panel) Sequence alignment of exon 1–intron 1
splice junctions. Target sequences of MOa and MOb are underlined. (Lower panel) RT-
PCR detection of unspliced transcripts in MOab (25 or 50 ng) or 5mmMO (50 ng)-
injected embryos. RT−, RT-PCR without reverse transcriptase reaction. (B) Morpholo-
gical appearances of injected embryos. MOab (Ba), 5mmMO (Bb), or MOab plus nemp1
mRNA (Bc) were injected together with nβ-gal mRNA as a tracer (red) into the animal
pole region of both right blastomeres at the four cell stage. Injected doses (per embryo):
MOab 20 ng; nemp1 mRNA, 200 pg. Upper panels, dorsal view (anterior is upwards);
lower panels, right side view of the same embryo in the upper panels. (C) WISH analysis
of 5mmMO or MOab-injected embryos at stages 13–14. Arrowhead, injected side.
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gastrulated almost normally, like the uninjected and 5mmMO injected
embryos. However, the effects of MOab became evident at later stages.
The right eye was absent or poorly formed in nemp1morphants (93%,
n=61, three experiments; Fig. 4Ba) but not in 5 mmMO morphants
(0%, n=50, three experiments; Fig. 4Bb). Curiously, this morphant
phenotype is very similar to that of nemp1 mRNA-injected embryos.The eye-less phenotype induced by MOab was completely or partially
rescued by coinjection with nemp1 mRNA (11% and 55%, respectively,
n=62, three experiments; Fig. 4Bc), suggesting that MOab speciﬁcally
knockdown the level of the endogenous Nemp1 protein.
We next examined gene expression in nemp1 morphants. As
shown in Fig. 4C, the expression of early eye genes, rax, tbx3, pax6, and
six3 was reduced severely, whereas the expression of otx2 and sox2
was almost unaffected. These data suggest that Nemp1 is necessary
for the expression of early eye maker genes. Furthermore, the
similarity between the phenotypes of morphants and Nemp1-over-
expressed embryos (Figs. 3 and 4) suggests that a proper expression
level of Nemp1 is likely to be important for the expression of rax, tbx3,
and pax6.
Activities of Nemp1-deletion constructs and their NE localization
Based on the eye defect phenotypes by overexpression of Nemp1,
we examined which domains of Nemp1a are required for the eye-
reducing activity using various deletion constructs (Figs. 5A, B).
Activity of ΔN is largely unchanged compared to that of WT Nemp1,
whereas those of ΔA and ΔBt were decreased in this order.
Interestingly, deletion of KR completely abolished the eye-reducing
activity of Nemp1. In addition, deletion of the potential BBS reduced
activity, leading to the possibility that the interaction between the BBS
and BAF is involved in eye defects. Other deletion constructs had also a
little or almost no activity.
The activities of deletion constructs were further analyzed for rax
expression. As expected,ΔSP,ΔKR, SPNA, SP+TMs,ΔTMs, and SP+A did
not affect rax expression and ΔBt weakly reduced it (Fig. 5C), whereas
ΔN and ΔA still had activity to reduce rax expression but were weaker
than WT. These data are roughly consistent with those for eye defects
(Fig. 5B). These data suggest that eye defect phenotypes caused by
Nemp1 occurs at least partly through the reduction of rax expression.
We next examined whether or not loss of activity is associated
with loss of NE localization in Nemp1 deletion constructs using C-
terminally Myc-tagged constructs of Nemp1a (Fig. 6). Similar to
Nemp1b (Fig. 6A), ΔN, ΔA, ΔBt, SPNA, SP+TMs, SP+A, and ΔKR
localized at the NE (Figs. 6B–H), whereas ΔSP appeared to associate
with membrane structures but did not properly localize at the NE (Fig.
6I). In contrast,ΔTMs and SP+Bt localized in the cytoplasm (Figs. 6J, K).
These data indicate that the signal peptide (SP) and transmembrane
domains (TMs) are necessary and, moreover, that the SP and some of
TMs are sufﬁcient for the localization to the NE. Interestingly, Ct
localized inside the nucleus (Fig. 6L), whereas Bt, in which the KR
sequence containing potential NLSs was deleted from Ct, was
distributed ubiquitously within the cell (Fig. 6M; see also Figs. 1E–
H). Because molecules smaller than 20–40 kDa in size transit through
the nuclear pore in a diffusion-controlled manner (Tran and Wente,
2006), Bt-Myc of 2471.8 Da is expected to transit freely through the
nuclear pore. As expected, KR-Myc, in which KR was attached to ﬁve
Myc tags, was localized to the nucleus (Fig. 6N). These data suggest
that the Nemp1 Ct region facing the nucleoplasm is required for its
function in eye development and that this domain needs to be
tethered to the INM for function. This is in a good agreement with the
possibility that Nemp1 forms a complex on the INM, as suggested from
the similarity of phenotypes from overexpression and knockdown of
Nemp1 as described above.
Interactions of Nemp1 and BAF
We hypothesized that Nemp1 may interact with one or more
nuclear proteins either on the INM or associated with the nuclear
periphery. We focused on BAF for the following reasons: (i) BAF is a
nuclear protein and known to bind to several INM proteins (Burke and
Stewart, 2002; Gruenbaum et al., 2005) and eye-speciﬁc transcription
factors (Crx, Otx2, and Pax6) (Wang et al., 2002); (ii) baf and nemp1
Fig. 6. Confocal microscopic analysis of subcellular localization of Nemp1. Subcellular
localization was analyzed by immunostaining as shown in Fig. 1D. C-terminally Myc-
tagged deletion constructs of Nemp1 were analyzed by immunostaining (red). Nuclear
DNA was stained with SytoxGreen (green). Eye-reducing activities and reduction of rax
expression of the Nemp1 deletion constructs based on the results in Figs. 5B, C,
respectively, were shown in the right of each panel; −, no activity; +, weak activity; ++,
moderate activity; +++, strong activity. nd: not determined. Scale bars: 5 μm.
Fig. 5. Activities of Nemp1-deletion constructs for eye development. (A) Schematic
representations of nemp1 constructs. (B) Activity of nemp1 constructs for eye defect
phenotypes. A bar graph shows percentages of eye defects at tailbud stages (stages 40–
42) in embryo injected with mRNA as indicated. Colors of the bar correspond to those in
upper panel (see Fig. 3A for eye phenotypes). n, total number of injected embryos; exp,
number of independent experiments. (C) Effects of Nemp1 and deletion mutants on rax
expression in the neurula (stages 13–14).
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504 H. Mamada et al. / Developmental Biology 327 (2009) 497–507genes show expression in similar regions of the embryo (Fig. 2); and
Nemp1 has a possible BBS (Figs. 1A and 7A). We thus examined
interactions between Nemp1 and BAF by GST pull-down assay using
GST-Bt and GST-BtΔBBS as well as GST-MAN1-Ct as a positive control
(Mansharamani and Wilson, 2005; Osada et al., 2003) and GST alone
as a negative control. As shown in Fig. 7B, GST-MAN1-Ct and GST-Bt
retained FLAG-BAF from embryo lysates more so than did GST-BtΔBBS
and GST, suggesting that the Bt region of Nemp1 binds to BAF through
the potential BBS.
To assess interactions between Nemp1 and BAF in the nucleus,
FLAG-BAF was expressed with or without Nemp1-HA in COS7 cells or
Xenopus embryos. As shown in Figs. 7C and D, FLAG-BAF alone was
localized in the nucleus with almost uniform distribution. Notably
when coexpressed with Nemp1-HA, FLAG-BAF was accumulated atFig. 7. Interactions of BAF with Nemp1. (A) Alignment of BBS amino acid sequences. BBSs of N
motif are shown. Numbers, aa positions. (B) GST pull-down assay. Puriﬁed GST, GST-MA
incubated with lysates of Xenopus embryos, which had been injected with FLAG-BAF mRN
immunoblotted with anti-FLAG antibody (upper panel) or CBB staining of GST and GST fusion
in the assay (lower panel). Red dots; FLAG-BAF proteins; yellow dots, GST or GST fusions. (C
constructs for Nemp1-HA, ΔBt-HA, or ΔBBS-HA (red) together with FLAG-BAF (green) were t
or both (right panels) were injected into the animal pole region of two cell stage embryos. In
5 μm. (E) Requirement of the BBS for the Nemp1 function in eye development. Embryoswere
as in Fig. 4. Phenotypes were analyzed by WISH for rax expression.the nuclear periphery and colocalized with Nemp1 present at the
nuclear envelope in COS7 cells and Xenopus embryos (Figs. 7C, D). In
contrast, this peripheral localization of FLAG-BAF was not seen when
coexpressed with ΔBt-HA or ΔBBS-HA (Fig. 7C). These data suggest
that the Bt region of Nemp1 interacts with BAF and requires the BBS in
order to do so.
To examine the requirement of the BBS for Nemp1 functions, we
performed rescue experiments of nemp1morphants with Nemp1-BBS
mutants. As shown in Fig. 7E, reduction of rax expression byMOabwas
completely (33%) or partially (29%) rescued by coinjectionwith nemp1
mRNA, but much less efﬁciently by ΔBt (5% or 14%, respectively) and
ΔBBSmRNA (6%or 15%, respectively). This data suggests that the BBS of
Nemp1 is important for eye development, and leads to the possibility
that Nemp1 functionally interacts with BAF through the BBS.emp1-Ct, MAN1-Ct, Otx2, Crx, and histone H1.1 and a conserved S(R/K)(I/V)XXXX(R/K)
N1-Ct, GST-Bt, and GST-BtΔBBS proteins absorbed onto glutathione-Sepharose were
A (500 pg/embryo) or not (control). Bound proteins were separated by SDS-PAGE and
proteins (lower panel). Comparable amounts of GST and GST fusion proteins were used
, D) Effects of Nemp1 on the intranuclear distribution of BAF. (C) COS7 cells. Expression
ransfected. (D) Xenopus embryos. mRNAs for FLAG-BAF or Nemp1-HA alone (left panels)
jected embryos were immunostained at the gastrula stage (stages 10.5–11). Scale bars:
injectedwithMO andmRNA as indicated. Other experimental procedures were the same
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In this study, we have shown that: (1) Nemp1 is a novel INM-
localized protein and is expressed in the presumptive head region
including the eye ﬁeld; (2) both overexpression and knockdown of
Nemp1 speciﬁcally reduce the expression of rax, tbx3, and pax6 but
not that of otx2 or sox2, and cause eye defects; (3) multiple regions
including Region A, Region B, KR, and the BBS are necessary for eye-
reducing activity of Nemp1; (4) together the signal peptide (SP) and
transmembrane domains (TMs) are necessary and sufﬁcient for
Nemp1 to localize at the NE; (5) NE localization of Nemp1 is necessary
for its activity; and (6) the BBS is required for Nemp1 to bind BAF and
to function in rax expression. Taken together, these data suggest that
Nemp1 is mainly involved in eye development at the early neurula
stage and that it functions at the INM to regulate the gene cascade
downstream of otx2 and upstream of rax, tbx3, and pax6, as discussed
below.
Selective permeabilization of the ONM with digitonin treatment
To understand the function of NE proteins, it is necessary to
determine their localization and orientation at the NE.We have shown
that digitonin selectively permeabilizes the ONM through immunos-
taining of cells coexpressing MAN1-HAi, Emerin-HAc, or HAn-Emerin
with Bt-Myc (Figs. 1E–G). The reason why we used MAN1 and Emerin
as molecular probes is that both are well characterized INM proteins
and their orientations have been determined (Lin et al., 2000; Ostlund
et al., 1999; Tsuchiya et al., 1999; Wu et al., 2002). It is also reported
that Emerin andMAN1 enter the nucleus by diffusion and are retained
at the INM through the interaction of the N-terminal region of Emerin
andMAN1 (Ostlund et al., 1999;Wu et al., 2002). Thismeans thatmost
of NE-retained Emerin or MAN1 molecules localize at the INM and
orient their C-terminus or inter-region between the two TMs,
respectively, toward the lumen (see Fig. 1G). Usually, digitonin-treated
cells are used for nuclear transport assay as the standard method
(Adam et al., 1990) and also for immunostaining of membrane-
anchored proteins to discriminate the nucleoplasmic face from the
cytoplasmic face at the NE (Brachner et al., 2005; Hieda et al., 2008;
Soullam andWorman, 1993), but not from the lumenal face. Thus, our
data provides the ﬁrst evidence that digitonin selectivity permeabilize
the ONM compared to the INM.
Theremight be the possibility that the HA tags at the N-terminus of
Emerin and the C-terminus of Nemp1 are masked with some
endogenous proteins when they happen to face the cytoplasm, but
are unmasked with Triton X-100 treatment. For example, Nup96 and
Nup98 exist on both sides of the nuclear pore, but cytoplasmically
localized Nup96 and Nup98 are immunostained only with Trion X-100
but not with digitonin treatment, indicating that these proteins are
likely to be masked by some proteins present on the cytoplasmic face
(Grifﬁs et al., 2003). However, in this case, anti-Nup96 and anti-Nup98
antibodies were used to detect the endogenous proteins. By contrast,
because we used anti-HA antibody, it is unlikely that tandemly
repeated epitope tags of overexpressed exogenous proteins at the
ONM are all maskedwith some endogenous proteins in the cytoplasm.
Thus, the digitonin permeabilization-immunostaining method using
tagged proteins is a convenient and useful technique to examine the
orientation of NE proteins.
INM localization and activity of Nemp1
In this paper, we have shown that the Nemp1 C-terminus faces the
nucleoplasm in a manner similar to HAn-Emerin as assayed by the
digitonin permeabilization-immunostaining method (Figs. 1G, H).
Therefore, it is very likely that Nemp1 is an INM protein and interacts
with some nuclear proteins through the Ct region. Importantly,
soluble types of Nemp1 constructs, Ct and Bt, localize in the nucleus(Fig. 6), but do not have eye-reducing activity (Fig. 5), suggesting that
the function of Nemp1 requires INM localization. Furthermore, both
overexpression and knockdown of Nemp1 lead to the same eye
defects (Figs. 3 and 4), leading to the idea that Nemp1might well form
a complex with one or more nuclear proteins and must do so with
proper stoichiometry at the INM.
One of such proteins is suggested to be BAF, because we have
shown that the Bt region interacts with BAF through the BBS (Fig. 7),
and because the BBS of Nemp1 is perfectly conserved from human to
zebraﬁsh and is similar to the those found in MAN1, Crx, and histone
H1.1 (Mansharamani and Wilson, 2005; Montes de Oca et al., 2005)
(Fig. 7A). BAF is known to form a homodimer and to bind the LEM
domain that is possessed in common by LAP2, Emerin, and MAN1 (Cai
et al., 2007; Cai et al., 1998;Mansharamani andWilson, 2005;Margalit
et al., 2007; Segura-Totten et al., 2002). The binding surface on the BAF
dimer for the LEM domain resides in a cleft between the two BAF
subunits, whereas the binding surface for the BBS resides in each BAF
subunit near its DNA binding surface. Therefore, we speculate that
Nemp1 might interact via a BAF homodimer with LEM-domain
proteins and BBS-containing proteins.
The N-terminal part of Ct has KR, which is also important for
Nemp1 activity (Fig. 5). KR is rich in lysine and arginine, and includes
canonical NLS sequences (Figs. 1A and 6), suggesting the possibility
that KR interacts with DNA or karyopherin α (importin α), or both
(Lange et al., 2007) and this interaction may be involved in INM
localization of Nemp1 as recently shown in yeast (King et al., 2006) or
may have some roles in Nemp1 functions at the INM. It was reported
that, in systematic analysis for two-hybrid-based protein-interaction
maps of the ﬂy and nematode proteome, Drosophila and C. elegans
orthologs of Nemp1 possibly interact with several transcription
factors with unknown functions and Ran, a small GTPase with a role
in nuclear transport (Giot et al., 2003; Li et al., 2004). Nemp1 may
interact with those proteins at the INM.
Role of Nemp1 in eye development
Our results suggest that Nemp1 acts downstream of otx2 and
upstream of tbx3, rax, and pax6 in eye development (Figs. 3 and 4). In
Xenopus, a gene cascade of transcription factors from otx2 and tbx3
through rax to pax6 has been proposed for eye ﬁeld speciﬁcation
(Zuber et al., 2003). Recently, it was reported that Otx2 can activate
the rax gene in animal caps and in reporter assays using cultured cells
(Danno et al., 2008). Based on this gene cascade, Nemp1 may act on
Otx2 for rax expression. It should be noted that BAF reportedly binds
to the transcription factors, Otx2, Pax6, and Crx, all of which are
involved in early eye development and retina differentiation, and that,
in a reporter assay using cultured cells, BAF represses the function of
Crx, a paralog of Otx2, by binding to the helix 3 in its homeodomain
(Wang et al., 2002). Therefore, it could be thought that BAF-associated
INM proteins have a role in eye development, but no experimental
evidence has been reported. Our data in this paper provide the ﬁrst
evidence for the connection between the BAF-associated INM pro-
tein Nemp1 and eye-ﬁeld speciﬁc gene expression in vivo (Figs. 3, 4, 5,
and 7). The precise mechanism of how Nemp1 regulates the rax gene
is not known yet, but it is possible to speculate that Nemp1 binds to
BAF at the INM as a complex to activate the Otx2 protein, either
directly or indirectly, for upregulation of the rax gene.
It has recently been proposed that a region near the NPC is
transcriptionally active by forming the direct and dynamic link
between an activated gene and the NPC, as shown in yeast, Droso-
phila, and humans (Brown et al., 2008; Mendjan et al., 2006; Taddei et
al., 2006). Therefore, it will be interesting to examine whether Nemp1
is involved in this dynamic process of gene regulation near the NPC. As
a next step, it is important to search and analyze Nemp1-interacting
proteins in vertebrates to elucidate the mechanism involving INM
proteins in developmental gene regulation.
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